I. INTRODUCTION
Spatial modulation (SM)-aided multiple-input multiple-output (MIMO) schemes are capable of increasing the attainable data rate with the aid of a single radio frequency (RF) transmitter [1] . In the SM transmitter, the information bits are mapped to transmitted symbols by activating a single transmit antenna (TA) element out of multiple TA elements, and only a single symbol is transmitted from the activated TA. This allows us to avoid the interchannel interference at the receiver; hence, low-complexity single-stream decoding [2] , [3] is applicable. Furthermore, the single-RF transmitter structure specific to the SM scheme reduces static power consumption [4] . In [5] and [6] , the SM scheme was extended to a more flexible framework referred to as the generalized SM (GSM), where multiple antenna elements are simultaneously activated in each symbol duration. More specifically, the GSM scheme subsumes several classic MIMO schemes, such as the SM and Bell Laboratories Layered Space-Time (BLAST) schemes [7] .
In millimeter-wave (mmWave) communications [8] , the rank of the MIMO channel matrix tends to be low, due to the presence of a strong line-of-sight (LoS) component. In [9] , the antenna alignment was specifically adjusted for increasing the rank of the channel matrix in an mmWave MIMO scenario. In [10] and [11] , an antenna array architecture of multiple beamformers was employed, where each beamfomer is spaced sufficiently apart from each other to experience independent fading. In [12] , the antenna alignment scheme [9] was applied to a space-shift-keying-based mmWave system. The detrimental effects of the high propagation loss in mmWave communications are particularly severe in an urban scenario [8] . To combat this limitation, it is beneficial to invoke beamforming at the transmitter and/or the receiver [10] , [11] , which operates with the aid of a high number of antenna elements. However, it may be disadvantageous to employ a full-digital beamforming-array architecture that has the same number of RF chains as that of the antenna elements, due to their high cost and high energy consumption. Recently, a hybrid beamforming arrangement, relying on both analog and digital beamformers, has been proposed in [13] and [14] . Here, a high number of antenna elements are divided into beamforming subarrays, where each beamformer is connected to an RF chain. Note that in the classic spatialmultiplexing MIMO system, the number of RF chains has to be equal to the number of multiplexed substreams.
Against this backcloth, the novel contribution of this letter is that we provide the design guideline for the reduced-RF-chain GSM-based mmWave architecture. More specifically, to benefit from both a beamforming gain and the GSM scheme's high rate, we employ an array of analog beamformers (ABFs), each consisting of multiple TA elements weighted by analog phase shifters. Furthermore, we optimized the spacing between the ABFs, so that the rank of the associated channel matrix is maximized. We demonstrate that the proposed GSM scheme using the beamfomer array is capable of reducing the number of RF chains at the transmitter, while maintaining high capacity, which is close to that of the conventional spatial-multiplexing scheme. 1 Fig. 1 shows the schematic of our GSM transmitter, having N T TA elements, which are partitioned into M T ABFs, each consisting of U T = N T /M T TA elements and the same number of analog phase shifters. In our GSM transmitter, the number of RF chains P is less than the number of ABFs M T , whereas the conventional spatialmultiplexing scheme requires a full-RF structure having P = M T .
II. SYSTEM MODEL

A. Reduced-RF GSM Transmitter
At the GSM transmitter, B information bits are mapped into a symbol vector x ∈ C M T ×1 as follows. The B input bits are serial-to-parallel converted into B 1 = P log 2 (L) bits and B 2 = log 2 M T P bits. The B 1 bits are modulated to P complex-valued symbols s p (p = 1, . . . , P ) with the aid of the classic quadrature amplitude modulation (QAM) or phase-shift keying (PSK) scheme, where the constellation size is given by L. Based on the B 2 bits, P out of M T ABFs are activated, where P index vectors a p ∈ Fig. 2 . ABF-array arrrangement of our GSM transmitter and receiver. The transmitter is located at a height of R, and the receiver is tilted at an angle of θ.
. Finally, the GSM transmitter generates a symbol vector x according to
which satisfies the average power constraint of E[
represents the expectation operation. In advance of transmissions, the symbol vector x is precoded by a matrix
, [11] , where diag(•) represents the block diagonalization, and
represents the weight vectors of the ith ABF at the transmitter, which has the constraint of f i 2 = 1. To further elaborate, in Table I , we exemplify the GSM symbol sets for the (M T , P ) = (4, 2) and (8, 2) scenarios. Furthermore, note that the classic spatial multiplexing is a special case of the GSM scheme, where the number of RF chains P is equal to the number of ABFs M T . Similarly, the conventional single-stream symbol transmission is also subsumed by the GSM framework, where we have P = 1 and
B. Channel Model
In this paper, we focus our attention on indoor mmWave communications, where a LoS component has the dominant effect [10] - [12] , [16] , [17] in comparison to the non-LoS paths. More specifically, we employ the frequency-flat Rician channel model. Fig. 2 shows the alignment of the ABF-array transmitter and receiver. The spacing between the ABF arrays at the transmitter and the receiver is represented by D T and D R , respectively. Moreover, d is the element separation of each antenna element. The transmitter is located at a height of R. The receiver has N R antennas, and it is tilted at an angle of θ.
The Rician fading channels are given by [9] , [10] , [12] 
where K is the Rice factor. Note that for the 60-GHz indoor communications scenario, the Rice factor K is in the range spanning from 8.34 to 12.04 dB [16] . Here, let us define the nth row and the mth column of
is the distance between the mth TA and the nth receive antenna, whereas λ represents the wavelength. Furthermore, the nth row and the mth column of H NLoS obeys the zero-mean complex-valued Gaussian distribution, having a unit variance.
C. Receiver
Similar to the transmitter, the receiver consists of M R ABFs, each having U R = N R /M R antenna elements. The receiver is equipped with the same number of RF chains as that of the ABFs, hence having a full-RF structure of P = M R . The signals received at the M R ABFs are given by
where [11] is the ABF weight matrix associated with the analog phase shifters at the receiver, which satisfies the constraint of w k
denotes the additive white Gaussian noise having the variance of N 0 , whereas W H HF is represented by the equivalent channel matrix
In this paper, we assume that the receiver acquires accurate channels H b with the aid of pilot symbols transmitted from the transmitter. Furthermore, the direction between the transmitter and the receiver is also known, which is used to determine the ABF weights F and W at the transmitter and the receiver, as will be shown in Section III-D.
Finally, the receiver estimates the transmitted information bits (B 1 , B 2 ), based on the maximum-likelihood criterion as follows:
The reduced-complexity detection algorithms [2] , [3] , [18] developed for the GSM are readily applicable to the proposed receiver.
III. CHANNEL CAPACITY
Here, we review the continuous-input-continuous-output memoryless channel (CCMC) capacity and the discrete-input-continuousoutput memoryless channel (DCMC) capacity for our mmWave GSM scheme. The CCMC capacity is derived by assuming that the input signal obeys the Gaussian distribution, whereas in the derivation of the DCMC capacity, a specific finite-alphabet input symbol set is assumed.
A. CCMC Capacity
The classic CCMC capacity C CCMC is given by [10] , [14] 
where we have
Here, μ i is the ith eigenvalue of the Hermitian matrix Q, while assuming continuous-amplitude discrete-time signaling. Moreover, ρ represents the signal-to-noise ratio (SNR). In the CCMC capacity of (5), the employment of ideal ABF weights F and W is assumed at the transmitter and the receiver, where F is the M T right singular vectors of H associated with the maximum singular values. Similarly, W is the M R left singular vectors of H.
B. DCMC Capacity
Let us now introduce the DCMC capacity C DCMC of mmWave MIMO systems as follows [19] , [20] :
and
represents the legitimate symbol vectors. The ABF weight matrices F and W are generated according to the criteria presented in Section III-D. Note that powerful channel coding schemes, such as the turbo codes or low-density parity-check codes, allow us to attain a near-error-free performance close to the DCMC capacity [21] .
C. Optimization of ABF-Array Alignment
As previously mentioned, the rank of the MIMO channel matrix in an indoor mmWave scenario is typically low. To circumvent this problem, we optimize the ABF-array alignment according to [9] , which increases the rank of the channel matrix. More specifically, to attain the optimum performance in terms of the rank of the channel matrix, the separations of the ABFs D T and D R at the transmitter and the receiver have to satisfy the following relationship [9] - [11] :
where the maximum rank of the channel matrix is given by
D. Criterion for Determining the ABF Weights
If the transmitter knows the accurate estimates of the channel H, which has as many as (N T · N R ) channel coefficients, it is possible to carry out optimum beamforming at the transmitter and the receiver. However, in practice, it may be a challenging task to acquire all the (N T · N R ) channel coefficients, particularly for a large-scale MIMO scenario. Hence, in this paper, we control the ABFs based only on the angle-of-departure (AoD) θ AoD and the angle-of-arrival (AoA) θ AoA at the transmitter and the receiver, respectively. This significantly reduces the number of channel coefficients that have to be estimated from the transmitted pilot symbols, namely, from
, which is lower than that needed for the full-digital array. More specifically, the ABF weights f i and w k are given by [10] , [13] Fig. 3 . DCMC capacity comparisons between the GSM and other benchmarks. The transmitter and the receiver had four ABFs, each having four antenna elements and four analog phase shifters. The associated CCMC capacity was also plotted.
where we have δ
AoD denotes the AoD toward the ith ABF of the receiver, whereas θ (k) AoA represents the AoA from the kth ABF of the transmitter.
IV. PERFORMANCE RESULTS
Here, we provide our performance results to characterize the capacity of our GSM scheme, which is compared with the single-stream BF and the spatial-multiplexing benchmark schemes. Throughout the simulations, we assumed the indoor mmWave scenario in Fig. 2 , where we have an antenna height of R = 5 m. We considered the carrier frequency of 60 GHz, where the corresponding wavelength was λ = 0.5 cm. The Rice factor K was set to 10.0 dB in accordance with the work in [11] . The antenna spacing d in each ABF was fixed to λ/2, and the separation between ABFs was optimized based on (9) . The employment of omnidirectional antenna elements was assumed both at the transmitter and the receiver. Furthermore, system parameters of all schemes are listed in Table II . Fig. 3 compares the DCMC capacity of the GSM, the spatialmultiplexing, and the single-stream BF schemes, where the data rates scheme, the binary phase-shift keying (BPSK)-aided spatial multiplexing having P = 4 RF chains, the quaternary phase-shift keying (QPSK)-aided single-RF GSM scheme, and the BPSK-aided GSM having P = 2 RF chains. Additionally, the capacity curve of the QPSK-aided spatial-multiplexing scheme using P = 2 RF chains was plotted. For the case of 8.0 bits/symbol, the 256-QAM SISO scheme, the QPSK-aided spatial-multiplexing scheme having P = 4 RF chains, the 16-QAM-aided spatial-multiplexing scheme using P = 2 RF chains, the 64-QAM single-RF GSM scheme, and the 8-PSK GSM scheme having P = 2 RF chains were considered. Observe in Fig. 3 that for the rate of 4.0 bits/symbol, the single-RF GSM outperformed the other schemes. Moreover, the DCMC capacity of the GSM having P = 2 RF chains was close to those of the spatial-multiplexing schemes that employ P = 2 and 4 RF chains. Furthermore, for the rate of 8.0 bits/symbol, the DCMC capacity of the single-RF GSM scheme achieved comparable performance to that of the spatial-multiplexing scheme having P = 2 RF chains, whereas the DCMC capacity of the GSM scheme having P = 2 RF chains and the spatial-multiplexing scheme having P = 4 RF chains exhibited a similar performance at the transmission rate of 4.0 bits/symbol. According to our extensive simulations, it was found that the performance advantage of the proposed scheme remains unchanged in the range of 1 ≤ R ≤ 5 m.
Moreover, Fig. 4 shows the DCMC capacity of the GSM, of the BLAST, and of the SISO schemes for the data rates of 8.0 bits/symbol (top) and 16.0 bits/symbol (bottom). The transmitter and the receiver have N T = 32 and N R = 16 antenna elements, respectively, where the transmitter has M T = 8 ABFs, and the receiver has M R = 4 ABFs. Here, the optimized separation between ABFs was D T = D R = 5.59 cm. In this scenario, the rank of the channel matrix was rank(H b ) = min(8, 4) = 4. For the rate of 8.0 bits/symbol, the 256-QAM SISO scheme, the BPSK-aided spatial-multiplexing scheme having P = 8 RF chains, the 16-QAM spatial-multiplexing scheme using P = 2 RF chains, the 32-PSK single-RF GSM scheme, and the QPSK-aided GSM using P = 2 RF chains were considered. For the case of 16.0 bits/symbol, the 65536-QAM SISO scheme, the QPSK-aided spatial-multiplexing scheme having P = 8 RF chains, the 256-QAM spatial-multiplexing scheme having P = 2 RF chains, the 16384-QAM single-RF GSM scheme, and the 64-QAM GSM scheme having P = 2 RF chains were compared. For ease of comparison, the data rate of the single-RF GSM was set to 17.0 bits/symbol. It was shown in Fig. 4 that for the rate of 8.0 bits/symbol, the DCMC capacity of the GSM scheme having two RF chains was the highest. For the rate of 16.0 bits/symbol, the full-RF spatial-multiplexing scheme exhibited the best capacity over the entire SNR region, whereas the GSM scheme having two RF chains achieved capacity close to that of the full-RF spatial-multiplexing scheme, where the performance gap was as low as 1.2 dB for the DCMC capacity of 8.0 bits/symbol. Note that the performance advantage of the single-RF GSM scheme was approximately 9.0 dB.
Finally, in Fig. 5 , we investigated the effects of the receiver tilt θ, where the system parameters were the same as those used in Fig. 3 (8.0 bits/symbol). The DCMC capacity was calculated at the SNR of −5 dB. We also considered the missteered scenario, where the estimated θ AoD and θ AoA were fixed to 0
• . The three capacity curves of the missteered scenario exhibited two peaks, namely, at θ = 0
• and 45
• , which corresponded to the directive gains of the main lobe and the sidelobe. When θ AoD and θ AoA were accurately estimated, the capacity of the GSM and of the spatial-multiplexing schemes remained high for the range of 0 ≤ θ < 83
• .
V. CONCLUSION
In this paper, we have proposed a GSM-based reduced-RF-chain mmWave MIMO system, where the transmitter consists of ABF arrays.
In our simulations, we demonstrated that the constrained capacity of our GSM scheme was close to that of its full-RF spatial-multiplexing counterpart, which is equipped with twice or four times higher number of RF chains than the proposed GSM scheme.
